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INTRODUCTION 

The techn ique  o f  model compound i m m o b i l i z a t i o n  by cova len t  s u r f a c e  at tachment  i s  
be ing  employed t o  i n v e s t i g a t e  t h e  p o t e n t i a l  impact o f  r e s t r i c t e d  d i f f u s i o n a l  
m o b i l i t y  on t h e  the rma l  r e a c t i v i t y  o f  coal .  T h i s  r e s t r i c t e d  m o b i l i t y  may be 
imposed i n  coa l  as a consequence o f  i t s  cross-1 inked,  macromolecular s t ruc tu re .1  
Thermolys is  s t u d i e s  a t  350-400 "C o f  model coa l  s t r u c t u r e s  c o v a l e n t l y  a t tached  
t o  a s i l i c a  s u r f a c e  have shown t h a t  s i g n i f i c a n t  p e r t u r b a t i o n s  i n  f r e e - r a d i c a l  
r e a c t i o n  mechanisms can occur ,  and r e s u l t  i n  a l t e r e d  r e a c t i o n  r a t e s  and product  
d i s t r i b u t i o n s  compared with corresponding f l u i d  phase behavior .2-4 A d e t a i l e d  
s tudy o f  t h e  t h e r m o l y s i s  o f  su r face - immob i l i zed  b ibenzy l  (=SiOPhCH2CH2Ph, rep re -  
sented as --PhCH2CH2Ph) showed t h a t  t h e  r a t e  o f  un i i no lecu la r  C-C homolys is  i s  
s i m i l a r  t o  t h a t  i n  f l u i d  phases.2 
m o b i l i t y  l e d  t o  t h e  onset  o f  complex f r e e - r a d i c a l  cha in  pathways on t h e  surface, 
which produced subs tan t  i a1 i somer i  z a t  ion,  c y c l  i zat ion-dehydrogenat ion,  and 
h y d r o d e a l k y l a t i o n  o f  b i b e n z y l  m o i e t i e s .  Recent s t u d i e s  have focused on t h e  
t h e r m a l l y  induced, f r e e  r a d i c a l  c h a i n  decomposi t ion r e a c t i o n s  f o r  su r face -  
i mmobi 1 i z e d  1,3-diphenyl propane (--Ph (CH2)3Ph, --DPP)3 and 1,4-diphenyl butane 
(--Ph(CH2)4Ph, --DPB).4 F o r  --DPP, we f i n d  t h a t  bo th  t h e  r e a c t i o n  r a t e  and 
p roduc t  compos i t i on  a r e  s t r o n g l y  dependent on s u r f a c e  coverage and, hence, t h e  
p r o x i m i t y  o f  --DPP mo lecu les  and hydrogen a b s t r a c t i n g  r a d i c a l s  on t h e  sur face.  
The r a t e s  and s e l e c t i v i t i e s  o f  t hese  key b i m o l e c u l a r  r e a c t i o n  s teps  on t h e  s u r -  
f a c e  m igh t  a l s o  be a f f e c t e d  by t h e  s t r u c t u r e  o f  ne ighbor ing  molecules. I n  t h e  
c u r r e n t  study, we a r e  b e g i n n i n g  t o  probe t h i s  f e a t u r e  by examining t h e  i n f l u e n c e  
o f  t he  s t r u c t u r e  o f  co-at tached a romat i c  molecules such as b ipheny l  (--PhPh) and 
diphenylmethane (--PhCHzPh) on t h e  r e a c t i o n  r a t e  and r e g i o s e l e c t i v i t y  i n  t h e  
t h e r m o l y s i s  o f  --DPP. 

However, r e s t r i c t e d  r a d i c a l  and s u b s t r a t e  

EXPERIMENTAL 

Procedures f o r  t h e  s y n t h e s i s  o f  su r face -a t tached  1.3-diphenylpropane (--DPP) by 
t h e  condensat ion r e a c t i o n  of pHOPh(CH2)3Ph (HODPP) with t h e  s u r f a c e  hyd roxy l s  
o f  a h i g h  s u r f a c e  area, fumed s i l i c a  have been f u l l y  desc r ibed  elsewhere.3 
9-Phenylphenol (e-HOPhPh) was p u r i f i e d  by m u l t i p l e  r e c r y s t a l l i z a t i o n s  f rom 

e-Benzylphenol 
(e-HOPhCH2Ph) was f i r s t  e l u t e d  f r o m  a s i l i c a  column wi th benzene, and t h e n  
r e c r y s t a l l i z e d  two t i m e s  f r o m  benzene/hexanes t o  g i v e  a product  w i t h  GC p u r i t y  
o f  >99.9%. 

The two-component su r faces  were prepared i n  a manner analogous t o  t h a t  used f o r  
p r e p a r a t i o n  o f  --DPP w i t h  bo th  p h e n o l i c  components adsorbed on to  t h e  su r face  i n  
a s i n g l e  s t e p  p r i o r  t o  t h e  s u r f a c e  at tachment  r e a c t i o n .  I n  one case f o r  com- 
pa r i son ,  a ba tch  o f  --DPP/--BP was syn thes i zed  i n  two separa te  steps. A 

enzene/hexanes t o  g i v e  a p roduc t  w i t h  GC p u r i t y  o f  >99.9%. 

, 
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I, 

I 
I 

s a t u r a t i o n  coverage ba tch  o f  -+P was prepared and t h e n  reac ted  w i t h  HODPP 
i n  a second s tep  t o  c h e m i c a l l y  exchange some --DPP molecules w i t h  --BP mole- 
cu les .  A l l  su r face  coverages were analyzed by GC w i t h  i n t e r n a l  s tandards  
f o l l o w i n  

Thermolyses were conducted i n  sealed, evacuated (2  x 10-6 t o r r )  T-shaped tubes  
as descr ibed previously.2.3 V o l a t i l e  p roduc ts  were c o l l e c t e d  i n  a c o l d  t r a p  and 
analyzed by GC and GC-MS w i t h  t h e  use o f  i n t e r n a l  standards.  Surface-bound 
produc ts  were removed f rom t h e  s i l i c a  by base h y d r o l y s i s ,  and t h e  r e s u l t i n g  phe- 
n o l s  ( o r  t h e  cor respond ing  t r i m e t h y l s i l y l  e t h e r  d e r i v a t i v e s )  were ana lyzed as 
above. 

a base h y d r o l y s i s  procedure t h a t  l i b e r a t e s  t h e  a t t a c h e d  o r g a n i c s  as 
phenols. 9 

RESULTS AND DISCUSSION 

Therinolysis o f  --DPP a t  345-400 O C  and low convers ions  produces t h e  f o u r  major 
p roduc ts  shown i n  Eq. 1 analogous t o  t h e  c r a c k i n g  r e a c t i o n  observed p r e v i o u s l y  
f o r  f l u i d  phase DPP.5-7 The f o r m a t i o n  o f  these produc ts  was e x p l a i n e d  by a 

--Ph(CH2)3Ph + PhCH3 + --PhCH=CHz + --PhCH3 + PhCH-CHZ (1) 

4 - 3 - 2 - 1 - 
f r e e - r a d i c a l  c h a i n  decomposi t ion pathway shown i n  Eqs. 2-7 w i t h  t h e  p r o p a g a t i o n  
s teps  be ing  Eqs. 4-6.3a 
t h a t  two equat ions  nay be w r i t t e n  i n  each case, one w i t h  a s u r f a c e - i m m o b i l i z e d  
spec ies  and one w i t h  a vapor-phase species.  

The bracket  n o t a t i o n  used i n  Eqs. 3 and 4 i n d i c a t e s  

--PhCHZCHz- t PhCH2. 

--Ph (CH2)3Ph 

5 - 

[--IPhCHzCH3 t --PhCHCHZCHZPh (3a 

6 - 
[--IPhCH2CH2* t 5 

4 [--]PhCHzCH3 t --PhCH2CH$HPh (3b)  

7 - 
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[--]PhCH3 t a 
/+ 

- 7 + PhCH=CH2 t --PhCH2. 

2 PhCH2. + PhCH2CHzPh (7) 

R e g i o s e l e c t i v i t y  i n  t h e  r e a c t i o n  i s  deter in ined by t h e  r e l a t i v e  r a t e s  o f  forma- 
t i o n  of r a d i c a l s  6 and 7 by hydrogen a b s t r a c t i o n ,  s i n c e  t h e  u n i m o l e c u l a r  
8 - s c i s s i o n  s teps  (Eqs. 5 and 6 )  occur  very  e f f i c i e n t l y .  We found an i n c r e a s i n g  
s e l e c t i v i t y  f o r  f o r m a t i o n  o f  t h e  p r o d u c t  p a i r  3 and 4 ( c y c l i n g  t h r o u g h  r a d i c a l  
7 )  w i t h  i n c r e a s i n g  --DPP convers ion  and decreas ing  i n i t i a l  s u r f a c e  coverage. 
The sur face  coverage e f f e c t  i s  i l l u s t r a t e d  a t  low --DPP conversions i n  Table 1, 
which c o n t a i n s  new d a t a  o b t a i n e d  a t  a coverage o f  0.102 mmol/g. We aga in  use 
t h e  s t y r e n e / t o l u e n e  y i e l d  r a t i o  as t h e  e x p e r i n e n t a l  measure o f  s e l e c t i v i t y .  Our 
i n t e r p r e t a t i o n  i s  t h a t ,  a t  l o w e r  coverages, geomet r ica l  c o n s t r a i n t s  induced by 
r e s t r i c t e d  r a d i c a l  and s u b s t r a t e  m o b i l i t y  i n c r e a s i n g l y  f a v o r  hydrogen a b s t r a c -  
t i o n  a t  t h e  b e n z y l i c  methylene s i t e  f a r t h e s t  f rom t h e  s u r f a c e  ( t o  f a v o r  f o r -  
mat ion  o f  r a d i c a l  7 )  as --DPP molecules becoine i n c r e a s i n g l y  d i s t a n t  f r o m  
hydrogen a b s t r a c t i n g  r a d i c a l s  on t h e  surface. T h i s  concept i s  i l l u s t r a t e d  i n  
F i g u r e  1. 

We a l s o  n o t e  t h a t  t h e  r a t e  o f  t h e r m o l y s i s  o f  --DPP i s  more s e n s i t i v e  t o  changes 
i n  surface coverage t h a n  f l u i d  phase DPP i s  t o  changes i n  concentrat ion.5.6 A 
f o u r - f o l d  decrease i n  s u r f a c e  coverage r e s u l t e d  i n  a r a t e  depress ion  by a f a c t o r  
of  17-23.3a T h i s  r e s u l t  aga in  appears t o  r e f l e c t  a s u b s t a n t i a l  s e n s i t i v i t y  o f  
b i m o l e c u l a r  r e a c t i o n  r a t e s  on t h e  sur face ,  such as i n  Eqs. 3 and 4, t o  t h e  
p r o x i m i t y  o f  --DPP molecu les  and hydrogen a b s t r a c t i n g  r a d i c a l s .  

I n i t i a l  r e s u l t s  on t h e  i n f l u e n c e  o f  co-a t tached aromat ics  on t h e  t h e r m o l y s i s  o f  
--DPP a r e  shown i n  Tab le  2. S u r p r i s i n g l y ,  t h e  presence o f  co-a t tached b i p h e n y l  
molecules does no t  have a major  e f f e c t  on t h e  --DPP t h e r m o l y s i s  r a t e  o r  s e l e c -  
t i v i t y  compared w i t h  cor respond ing  coverages o f  --DPP alone. T h i s  does n o t  
appear t o  be t h e  r e s u l t  o f  t h e  sample p r e p a r a t i o n  procedure s i n c e  a --DPP 
(0.126 mmol/g)/--BP (0.509 m m o l / g )  batch  prepared by a two-step chemical  
exchange process  (see e x p e r i m e n t a l )  gave r e s u l t s  comparable t o  t h o s e  f r o m  s u r -  
faces  prepared by t h e  convent iona l  one-step procedure. The reason f o r  t h e  
apparent 2 - f o l d  r a t e  a c c e l e r a t i o n  f o r  t h e  --DPP s u r f a c e  i n  t h e  presence o f  --BP 
i s  under f u r t h e r  i n v e s t i g a t i o n .  

These p r e l i m i n a r y  d a t a  a l s o  show t h a t  t h e  presence o f  d iphenylmethane molecules 
has a d r a m a t i c  e f f e c t  on t h e  t h e r m o l y s i s  o f  --OPP. Independent c o n t r o l  
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exper iments show t h a t  --OPM a lone i s  t h e r m a l l y  s t a b l e  under t h e  r e a c t i o n  
c o n d i t i o n s  employed (as i s  -%P).2 
t h e r m o l y s i s  i s  s u b s t a n t i a l l y  acce le ra ted  (ca. 8 - f o l d  i nc rease  i n  convers ion )  
compared w i t h  --DPP a lone a t  comparable coverages, w h i l e  t h e  product  r e g i o s e l e c -  
t i v i t y  (which i s  no rma l l y  >1.0 and inc reases  w i t h  l a r g e r  --DPP convers ions )  i s  
e s s e n t i a l l y  e l im ina ted .  Our hypo thes i s  a t  t h i s  s tage  i s  t h a t  b i m o l e c u l a r  hyd ro -  
gen t r a n s f e r  r e a c t i o n s  on t h e  su r face  i n v o l v i n g  --OPM a r e  p r o v i d i n g  a chemical 
means f o r  " m o b i l i z i n g "  r a d i c a l  cen te rs  i n  an immob i l i zed  environment. Th i s  
r a d i c a l  exchange concept i s  i l l u s t r a t e d  i n  Eqs. 8-10. 

I n  t h e  presence o f  --DPM, t h e  r a t e  o f  --OPP 

-9hCH2. t --PhCH2Ph + --PhCH3 t --PhCHPh ( 8 )  

-9htHPh t --PhCHzPh + --PhCH2Ph t --PhEHPh ( 9 )  

--PhCH2Ph t 6 

--PhCHZPh t 1 
--PhiHPh + 5 

T h i s  hypothes is  o f  r a p i d  b i m o l e c u l a r  hydrogen exchange r e a c t i o n s  o c c u r r i n g  on 
t h e  su r face  i s  suppor ted by ou r  recen t  f i n d i n g s  t h a t  su r face - immob i l i zed  
1,4-diphenylbutane (--Ph(CH2)4Ph) a t  h i g h  coverages t h e r m a l l y  c racks  a t  400 "C 
t h rough  bo th  b e n z y l i c  and nonbenzy l i c  r a d i c a l  s i t e s  w i t h  l i t t l e  s e l e c t i v i t y  as a 
consequence of such hydrogen exchange reac t i ons .4  I n  t h e  p resen t  case, hydrogen 
t r a n s f e r  s teps 8 and 9 cou ld  e f f e c t i v e l y  decrease t h e  d i s tance  between a r a d i c a l  
c e n t e r  and a --DPP molecule on t h e  sur face.  Th is  would remove t h e  con fo rma t ion -  
a l  r e s t r i c t i o n s  l e a d i n g  t o  t h e  r e g i o s p e c i f i c i t y  i n  t h e  r e a c t i o n s  t h a t  f a v o r  f o r -  
ma t ion  o f  7 over  6, which occur  a t  e q u i v a l e n t  --OPP coverages w i t h o u t  --DPM. By 
s i m i l a r  arguments, t h e  enhanced --OPP t h e r m o l y s i s  r a t e  cou ld  r e s u l t  f r o m  an 
enhanced r a t e  o f  p r o d u c t i o n  o f  6 and 7. Research i s  i n  progress t o  f u r t h e r  e l u -  
c i d a t e  t h i s  i n t e r e s t i n g  r e a c t i o n  chemis t r y  f o r  mixed component sur faces.  

SUMMARY 

Two-component su r faces  o f  su r face -a t tached  Ph(CH2)3Ph (--0PP) w i t h  e i t h e r  PhPh 
( 4 P )  o r  PhCH2Ph (--0PM) have been prepared, and t h e i r  t h e r m o l y s i s  behav io r  
compared w i t h  t h a t  o f  -0PP a lone a t  comparable s u r f a c e  coverages. I n  t h e  case 
o f  --DPP/-%P sur faces,  no major  e f f e c t s  on t h e  --OPP t h e r m o l y s i s  r a t e  o r  prod-  
u c t  s e l e c t i v i t y  were observed. On t h e  o t h e r  hand, t h e  presence o f  --OPM mole- 
c u l e s  l e d  t o  a s i g n i f i c a n t  a c c e l e r a t i o n  (ca. 8 - f o l d  i nc rease  i n  convers ion )  i n  
t h e  -+PP t h e r m o l y s i s  r a t e  w h i l e  e l i m i n a t i n g  t h e  r e g i o s e l e c t i v i t y  i n  p roduc t  
f o r m a t i o n  t h a t  was observed p r e v i o u s l y  f o r  --DPP alone. 
based on t h i s  p r e l i m i n a r y  da ta  i s  t h a t  f a c i l e  b i m o l e c u l a r  hydrogen exchange 
r e a c t i o n s  on t h e  s u r f a c e  i n v o l v i n g  --OPM a r e  e l i m i n a t i n g  con fo rma t iona l  
r e s t r a i n t s  on hydrogen a b s t r a c t i o n  r e a c t i o n s  f rom --DPP by e f f e c t i v e l y  p l a c i n g  

Our c u r r e n t  hypo thes i s  
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r a d i c a l s  more prox imate  t o  - 9 P P  molecules on t h e  sur face .  These r e s u l t s  have 
s i g n i f i c a n t  i m p l i c a t i o n s  f o r  t h e  e f f i c i e n c y  w i t h  which s i m i l a r  s t r u c t u r a l  
fea tures  w i l l  t h e r m a l l y  decay i n  coal a t  low temperatures (350-400 " C )  by r a d i -  
c a l  cha in  processes under cond i t i ons  o f  r e s t r i c t e d  d i f f u s i o n .  
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Table 1. E f f e c t  o f  Surface Coverage on t h e  S e l e c t i v i t y  f o r  
Thermolysis of --Ph(CH2)3Ph a t  375 OC. 

-+PP Coverage --DPP Conversion Range 
(mmol /g )  S e l e c t i v i t y a  

0.566, 0.5861, 

0.142b 

0.102 

2.2 - 4.8 

1.5 - 3.1 

1.0 - 2.8 

1.00 - 1.03 

1.11 - 1.17 

1.24 - 1.30 

aDef ined as PhCH=CHz/PhCH3 y i e l d  r a t i o  over  t h e  --DPP conversion range given. 

bats f rom re fe rence 3a. 

Table 2. E f f e c t  o f  Co-Attached Aromat ics on t h e  
Thermolysis o f  --Ph(CH2)3Ph.a 

Coverage (mmol/g) 
-+PP -*Pb - - D P M ~  --DPP Conversion ( X )  S e l e c t i v i t y c  

0.14Zd 

0.142d 

0.13Zd 

0.150 0.462 

0.145 0.505 
0.126e 0.509 

0.133 0.368 

0.133 0.368 
0.168 0.39% 

2.2 
2.2 
2.6 

4.5 

5.5 
4.6 

17 

16 
19 

1.17 

1.16 

1.17 

1.15 

1.11 
1.12 

0.99 

0.99 

0.96 

aThermolyses were performed a t  375 "C f o r  150 min. 
a t tached b ipheny l  (--PhPh) and diphenylmethane (--PhCHzPh), respec t i ve l y .  
CDefined as PhCH=CH2/PhCH3 y i e l d  r a t i o .  dData f rom re fe rence 3a. eMate r ia l  
prepared by a two-step exchange procedure;  see t e x t .  

b-%P and --DPf4 a re  su r face -  
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